Present therapy of inflammatory bowel diseases (IBDs) is aimed at relieving inf lammation and treating signs and symptoms. Therapy consists of nonspecific anti-inflammatory agents, such as 5-aminosalicylic acid, glucocorticoids, immunomodulators and anti-TNF therapy. The goals of therapy should include the induction and maintenance of remission and an attempt to heal the mucosa with the ultimate goal being restitution of normal intestinal function. Despite an optimized use of immunosuppressors and the new biologic agents, the need for intestinal resection in Crohn's disease (CD) has remained stable [1] . Primary and secondary failure to respond to approved therapies and, in some cases, the inability to provide a surgical solution to a particular patient owing to the extension and/or location of the lesions, represent unmet needs in the treatment of IBD.
Two streams of research, experimental and clinical, are the origins of the increasing utilization of cell therapies for severe immune-mediated diseases, including IBD. The types of cell therapies for these diseases can be divided into two different areas: stem cell therapies and selected/conditioned immune cell therapies, the latter including dendritic-and Treg-based cell therapies. The considerable excitement surrounding the stem cell field was initially based on the unique biological properties of these cells and their capacity to selfrenew and regenerate tissue and organ systems. Later, the immuno modulatory ability of stem cell therapy has also become apparent. The definition of a 'stem cell' conventionally indicates the hemato poietic variety, with reference to the myeloid and lymphoid lineages. However, a distinct lineage is now known to consist of mesenchymal stromal cells. Similar to hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs) are rare in the bone marrow, representing one in 10,000 nucleated cells [2] . The ontogenic relationship between HSCs and MSCs remains unclear.
Stem cell therapies
The concept and practice of stem cell transplantation began with HSCs, and was originally supported by decades of animal experiments and by unanticipated remissions of inf lammatory diseases observed in patients undergoing HSC transplant (HSCT) for hematological disorders or cancer. HSCT includes conditioning (e.g., high-dose chemotherapy, anti lymphocyte antibodies and/or totalbody irradiation) followed by infusion of HSCs. The HSCs are usually mobilized from bone marrow to peripheral blood and harvested by apheresis. In some protocols of autologous transplantation for autoimmune diseases, the graft is depleted of T cells (e.g., selection of CD34 cells) to reduce the likelihood of reinfusing presumed disease-causing T cells [3] . Allogenic HSCT should, theoretically, be associated with a higher probability of cure than autologous HSCT, as there is a graftversus-host reaction that removes the presumed disease-causing T cells that could survive conditioning [4] . However, due to graft-versus-host disease, allogenic transplantation is associated with higher transplant-related morbidity and mortality. For this reason, more autologous transplants Editorial Salas, Ricart & Panés have been performed for autoimmune or inflammatory diseases. Over the last two decades, HSCT has become increasingly safe due to reduced conditioning procedures, the use of peripheral blood stem cells and improvements in supportive measures and patient selection. This has lead to the application of HSCT to treat autoimmune and inflammatory diseases refractory to available therapies. Databases have registered almost 1000 patients treated specifically for a wide range of diseases, predominantly multiple sclerosis, systemic sclerosis, rheumatoid arthritis and systemic lupus erythematosus [5] .
In IBD, HSCT is currently being tested for the treatment of CD, given that ulcerative colitis has a relatively simple therapeutic option for refractory cases with surgery. To date, there are no reported cases of allogenic bone marrow or HSCT performed as primary treatment for CD. Since the report in 1993 of the first CD patient who underwent allogenic HSCT for lymphoma resulting in improvement of CD, at least 22 patients have undergone allogenic HSCT for cancer, with 19 of them achieving remission after a median follow-up of 7 years, and two patients dying from infectious complications [6] . To date, there have been 19 patients in whom autologous HSCT has been performed to specifically treat CD or a concurrent cancer. Collectively, 18 out of 19 patients have achieved clinical remission over a median follow-up of 20 months. Only two of these patients are on any ongoing medication for CD, suggesting that HSCT may result in long-lasting remission without any need for medications. Two series have reported autologous HSCT for CD as the primary indication. The first is a Phase I study from Chicago, including 12 patients with active moderate-to-severe CD refractory to conventional therapies, including anti-TNF treatment [7] . A total of 11 out of 12 patients entered sustained remission and, after a median follow-up of 18.5 months, only one patient developed recurrence of active CD. The second is a Phase I-II study from Milan, enrolling four patients with similar characteristics who showed clinical remission at 3 months in all cases and sustained remission after a median follow-up of 16.5 months in three out of the four patients [8] . No mortality was observed in the two series of patients. The first study reported response of CD symptoms to the drugs used during the mobilization phase, whereas the second study observed a deterioration of the clinical condition of the patients during mobilization.
The mechanisms underlying the beneficial effect of HSCT in CD remain unclear. Initially, a beneficial effect is likely to result from the eradication of autoreactive T cells and memory cells owing to the direct lymphoablative effects of drugs used in the conditioning regimen; this process is nonspecific and recruitment of inflammatory cells will be restricted for at least 2-3 months until their ablated bone marrow source reconstitutes with cells derived from the graft. Later, there may be an effect of altered immune reconstitution. To gain an insight into this question, the European Bone Marrow Transplantation Group (EBMT), along with the European Crohn's and Colitis Organization (ECCO), are currently conducting a randomized trial on autologous HSCT (Autologous Stem Cell Transplantation for Crohn's Disease [ASTIC] trial) to evaluate the potential clinical benefit of HSC mobilization followed by high-dose immune ablation and HSCT, compared with HSC mobilization followed only by best clinical practice in patients with refractory CD.
Although promising, HSCT for CD is still experimental and its toxicity leaves this as an option for a considerably reduced number of refractory patients in whom the disease is not amenable to surgical resection. A more recently developed, less aggressive approach to stem cell-based therapy involves the use of MSCs. MSCs can be obtained from virtually any connective tissue, including bone marrow and adipose tissue. Bone marrow-derived MSCs can support the engraftment and quiescence of transplanted HSCs in the recipient's bone marrow. Other potential applications of MSCs are based on their pluripotent (stem cell-like) properties, as well as their well-documented immunomodulatory functions. It is known that, depending upon the environment, MSCs give rise to many cell lineages, including epithelial cells, astrocytes, osteoblasts, chondrocytes, adipocytes and muscle cells, promoting the regeneration of damaged tissue in vivo [9] . Moreover, MSCs exert important immunomodulatory functions both in vitro and in experimental in vivo models. Bone marrow-derived MSCs can suppress cytotoxic and IFN-g T-cell proliferation in a cell contact-dependent mechanism through engagement of the inhibitory molecule PD-1. In addition, MSCs have been shown to trigger the generation of Tregs, as well as to directly induce antigen-dependent Treg proliferation [9] . On the other hand, MSCs can modulate the innate immune response, which is known to play a key role in the pathogenesis of CD. In particular, MSCs inhibit dendritic cell differentiation and maturation, act on resting natural killer cells and decrease the respiratory burst and apoptosis of neutrophils. Interestingly, MSCs obtained from adipose tissue (AMSCs) have been shown to exert immunosuppressive effects in vitro and inhibit peripheral blood mononuclear cell proliferation and IFN-g production, while increasing IL-10 secretion [10] .
"Although promising, hematopoietic stem cell transplantation for Crohn's disease is still experimental…"
In experimental models of IBD, AMSCs ameliorate clinical and microscopic signs of colitis, reduce systemic and mucosal proinflammatory cytokine production, increase IL-10 secretion and induce Tregs in mesenteric lymph nodes of colitic mice [11] . MSCs emerge, therefore, as potent direct modulators of the innate immune system that preferentially target inflamed tissues and modulate T-cell responses. AMSCs, in contrast to bone marrow MSCs, present the additional benefit of being more easily accessible and expanded in vitro.
Successful preclinical studies using MSCs in models of autoimmunity, inflammation or tissue damage have paved the way for clinical trials. Ongoing studies are currently testing the viability of MSC transplantation (either autologous or allogenic) in treating graft-versus-host disease, multiple sclerosis and CD. These studies should shed light on the therapeutic potential of MSC-based therapy, as well as the benefits and risks for patients. Among the potential risks of transplanting MSCs is the ectopic Editorial Cell therapies for inflammatory bowel diseases differentiation of these cells, which can give rise to undesired cell types, as well as the possibility of genetic instability and tumor growth. Although these are important issues that must be thoroughly considered, the evidence to date strongly supports the evaluation of cell-based therapies and, in particular MSC transplantation, in the treatment of refractory cases of CD. In humans, encouraging results from studies using locally administered ASCs to treat complex perianal fistulae in CD support the use of this approach for patients unresponsive to infliximab [12] .
Tolerogenic immune cell therapies
The success of HSCT in treating autoimmune diseases has led us to consider the therapeutic potential of the administration of selected populations of immune cells to alter the natural course of the disease. In the context of autoimmune diseases, special emphasis has been given to approaches that can potentially boost the host's tolerant response. In CD, where loss of tolerance towards commensal bacteria has been invoked in disease development, it would be justified to test the efficacy of tolerance-promoting cell therapies. Two approaches are being explored and have shown promising results in experimental models of autoimmunity, graft-versus-host disease and transplantation. These include the administration of Tregs or tolerogenic dendritic cells.
Regulatory T cells are critical for the prevention of autoimmunity and maintenance of self-tolerance [13] . A diminished frequency or dysfunction of Tregs has been reported in a variety of human diseases [14] [15] [16] , and there is strong evidence for their protective effect in murine models of autoimmunity. In particular, CD4 + CD25 + cells are able to reverse ongoing disease in a model of intestinal inflammation [17] . Despite promising experimental results, Treg administration in humans for treatment of auto immunity is still in its infancy and several issues need to be resolved to guarantee the reproducibility and safety of the procedure [18] . First, Tregs expressing the foxp3 transcription factor are scarce in the periphery and, after isolation, need to undergo in vitro expansion, with significant numbers of foxp3 -effector populations appearing after 1 week of culture. A lot of effort has been devoted to increase the purity of this regulatory population; a recent report identifies new markers to select for Tregs after they have been expanded in vitro [19] . This approach should facilitate the advancement of the therapeutic application of Tregs in clinical settings.
A second issue that limits the applicability of Tregs in vivo is whether antigen-specific Tregs are actually necessary or whether a polyclonal population is sufficient to achieve beneficial effects in vivo. It is widely believed that antigen/organ-specific Tregs would be safer and more efficacious; however, this would require identification of the antigen of interest and reproducible techniques to specifically expand these monoclonal populations. Polyclonal Tregs have worked well in experimental models where lymphopenia was present [20] . In this setting, homeostatic expansion of Tregs competes with pathogenic T-cell populations in an antigen-independent manner. This suggests that, in the context of CD, a lymphoablative protocol, such as the one currently used to induce bone marrow mobilization in HSC protocols, should precede Treg administration to promote their in vivo expansion.
Even if sufficiently pure populations of Tregs are transferred to patients, the biology of Tregs is complex and their effects are tightly controlled by the environment. Although not fully understood, Tregs act on dendritic cells, promoting a tolerogenic response and preventing their maturation and activation of effector populations. However, in an inflammatory milieu, such as that present in active CD patients, dendritic cells may present an already mature phenotype resistant to Treg-suppressive effects. In particular, IL-6 produced by Toll-pathway-dependent matured dendritic cells subverts Treg function [21] , rendering them inefficient. Based on this, we propose that Tregs should be administered to CD patients during clinical remission to facilitate their effect on the host's immature dendritic cells, promoting a tolerant state and preventing relapse.
"Mesenchymal stem cells emerge, therefore, as potent direct modulators of the innate immune system that preferentially target inflamed tissues and modulate T-cell responses."
An alternative to Treg administration in CD would be infusion of tolerogenic dendritic cells. Tolerogenic dendritic cells can be generated in vitro using different approaches, including vitamin D, dexamethasone, vasoactive intestinal peptide or IL-10 [22] . Tolerogenic dendritic cells differ from mature cells in that they present low expression of costimulatory molecules and proinflammatory cytokines, whereas they upregulate IL-10 production. The efficacy of these cells to drive tolerance in vivo has been shown in experimental models of colitis [23] . Studies in humans need to be designed to address the potential therapeutic role of this cell-based therapy. The benefit of tolerogenic dendritic cell infusion in CD will depend on their ability to migrate to the intestinal mucosa or associated lymphoid tissues, and inhibit pro-inflammatory immune responses while promoting Treg differentiation. All of these issues warrant further study.
Concern has been raised on the potential detrimental effects of tolerance-inducing cell therapy, such as inhibiting anti tumor immunity and maintaining chronic infections. However, it is important to keep in mind that currently used therapeutic approaches to treat CD patients, such as anti-TNF-a monoclonal antibodies and azathioprine, share some of the same detrimental effects.
Conclusion
Autologous HSCT is being utilized worldwide, mostly for diseases of the CNS, but a growing body of evidence shows that CD is also a highly responsive disease to this form of therapy. In addition, MSC therapy is gaining the clinical arena. The time has now come for the scientific evaluation of the transplant-based procedures against the best nontransplant treatments, and also for the comparison of various forms of stem cell therapies in randomized, controlled trials. A robust Editorial Salas, Ricart & Panés rationale coming from experimental studies also sets the base for testing dendritic cell-based and Treg-based immune therapies in human IBD.
Notwithstanding the fascinating perspective of immune reeducation and regulation, it is unrealistic to believe that cell-based therapies can eradicate the immune disease, but data available so far indicate that at least HSCT is able to change the natural course of CD. No writing assistance was utilized in the production of this manuscript.
